ABSTRACT: A series of long-tail alkyl ethanolamine analogs containing amide-, urea-, and thiourea moieties was synthesized and the behavior of the corresponding monolayers was assessed on the Langmuir−Pockels trough combined with grazing incidence X-ray diffraction experiments and complemented by computer simulations. All compounds form stable monolayers at the soft air/water interface. The phase behavior is dominated by strong intermolecular headgroup hydrogen bond networks. While the amide analog forms well-defined monolayer structures, the stronger hydrogen bonds in the urea analogs lead to the formation of small three-dimensional crystallites already during spreading due to concentration fluctuations. The hydrogen bonds in the thiourea case form a two-dimensional network, which ruptures temporarily during compression and is recovered in a self-healing process, while in the urea clusters the hydrogen bonds form a more planar framework with gliding planes keeping the structure intact during compression. Because the thiourea analogs are able to self-heal after rupture, such compounds could have interesting properties as tight, ordered, and self-healing monolayers.
INTRODUCTION
N-acylethanolamines (NAEs) are naturally occurring singlechain amphiphiles with a surprisingly rich spectrum of medical applications ranging from analgesic, antibacterial, anti-inflammatory, and antiviral to neuroprotective properties. 1−3 The biophysical properties of the NAEs are equally interesting showing a high propensity to form bilayer-type structures with strong hydroxy group hydrogen-bonding networks and equally strong intermolecular amide N−H and CO hydrogen bonds. 4−7 NAEs can serve as readily accessible model compounds for studying intermolecular forces found in more complex phospholipid systems. 8 The present study aims to explore the effects of exchanging the amido units with urea and thiourea moieties.
Ureas are useful as structural moieties in supramolecular chemistry or organogelators as they reliably form onedimensional, bifurcated hydrogen-bonding networks linking the acceptor (carbonyl-oxygen) to the two donors (nitrogens) of the neighboring molecule. 9, 10 Thioureas on the other hand show a more complex behavior due to the reduced electronegativity of a sulfur atom compared to the smaller carbonyloxygen, the higher acidity of the NH protons in ureas compared to thioureas, 11 and the longer hydrogen bonds caused by the larger size of a sulfur atom and its more diffuse electron cloud. 12 Moreover, thioureas form different rotamers and the molecules arrange almost orthogonally to each other. 13 Langmuir monolayers are monomolecular films of insoluble amphiphiles (molecules consisting of a hydrophobic (tail) and a hydrophilic part (head)) on the surface of a liquid. Such twodimensional (2D) systems as well as three-dimensional (3D) lipid vesicles are often used as models to simplify complex biomembranes for a better understanding of structure-function relationships on a molecular level. 14, 15 The monolayer stability at the air/water interface has been already characterized for some urea and amide derivatives. 16 An important observation was the direct transition (resublimation) of the urea derivatives from the gas-analogous phase to a condensed phase (LC) without going through a liquid-expanded (LE) phase. Amides, however, show both LE and LC phases as well as their coexistence in a plateau region. As for other amphiphiles, temperature and chain length are the important factors: for a C15 chain, the resublimation was observed at 20°C, whereas the reduction of the chain length by one methylene unit or a temperature increase lead to the appearance of the LE phase and the first-order LE/LC phase transition. 16 Here, we present a series of amido, urea, and thiourea ethanolamines in order to assess the importance of hydrogen bonds formed between the hydrophilic head groups on the phase behavior of lipid monolayers at the soft air/water interface.
EXPERIMENTAL SECTION
Materials and Analytical Methods. The starting compounds and solvents were purchased from Sigma-Aldrich/Fluka or Acros and were used without further purification. Column chromatography was carried out using 230−400 mesh silica gel. TLC plates were developed with KMnO 4 .
1 H and
13
C NMR spectra were recorded (as indicated) on either a Bruker 300, 400, or 500 MHz spectrometer and are reported as chemical shifts in ppm relative to TMS (f1 = 0). Spin multiplicities are reported as a singlet (s), doublet (d), triplet (t) with coupling constants (J) given in Hz, or multiplet (m). Broad peaks are marked as br. HRESI-MS was performed on QSTAR Pulsar (AB/MDS Sciex) spectrometer and are reported as mass-per-charge ratio m/z. IR spectra were recorded on a PerkinElmer Spectrum One FT-IR spectrometer (ATR, Golden Gate).
Film Balance Measurements. Pressure-area isotherms were recorded on a homemade computer interfaced Langmuir trough with a surface area of 300 cm 2 . The Wilhelmy method was used to measure the surface tension with a roughened glass plate (circumference of 36 mm) with an accuracy of ±0.1 mN/m. Each measurement was repeated at least three times. The Langmuir trough was filled with ultrapure water (specific resistance of 18.2 MΩ·cm). Stock solutions (1 mM) of the lipids 2, 3, 5, and 6 in chloroform and of the lipids 1 and 4 in a 9:1 CHCl 3 /MeOH mixture were used for the spreading process. In order to let the system equilibrate and for complete solvent evaporation, the compression (5 Å 2 /molecule/min) was started 5−15 min (depending on the temperature) after spreading the lipid solution.
Grazing Incidence X-ray Diffraction Measurements. Crystalline structures in condensed monolayers at the air/water interface were investigated by grazing incidence X-ray diffraction measurements at the BW1 beamline, HASYLAB (DESY, Hamburg, Germany).
17−20 At BW1, a monochromatic X-ray beam (λ = 1.304 Å) struck the water surface at a grazing incidence angle α i = 0.85α c (the critical angle for total external reflection α c ∼ 0.13°) and illuminated roughly 100 mm The intensities of the scattered radiation were corrected for polarization, footprint area, and powder averaging. Model peaks taken to be Lorentzian in the in-plane direction (Bragg peak) and Gaussian in the out-of-plane direction (Bragg rod) were fitted to the corrected intensities. The in-plane lattice repeat distances d of the ordered structures in the monolayer were calculated from the Bragg peak positions, d = 2π/Q xy . To access the extent of the crystalline order in the monolayer, the in-plane coherence length, L xy , was approximated from the full-width at halfmaximum (fwhm) of the Bragg peaks using L xy ∼ 0.9(2π)/fwhm(Q xy ). The thickness of the monolayer can be estimated from the fwhm of the Bragg rod using 0.9(2π)/fwhm(Q z ).
Computational Methods. The considered cluster models of the layer consisted of dimers, tetramers, and hexamers of either urea or thiourea compounds in the gas phase. Density functional theory method (B3LYP and 6-31G* basis set as implemented in the Turbomole package) was used to determine the most stable conformer of each considered cluster. The smaller models (dimers and tetramers) were used only to verify the adequacy of the procedure applied in the principal study of the hexamers. For either considered hexamers, the search for the most stable conformer was limited to the hydrogenbonded heads. The geometry of all carbons in the aliphatic chains except for the two near the urea or thiourea tail was frozen at the position determined using second order Møller-Plesset calculation. For details see Supporting Information.
RESULTS AND DISCUSSION
The amide (3), urea (1, 4) , and thiourea (2, 5, 6) amphiphiles ( Figure 1 ) were synthesized using new or established protocols (see Supporting Information). The amide (3) was prepared by coupling ethanolamine to the corresponding long-tailed activated fatty acid. The coupling of ethanolamine to longtailed isocyanates or isothiocyanates yielded the ureas (1, 4) or thioureas (2, 5, 6) , respectively (see Supporting Information for details).
The melting points of all compounds are presented in Table  1 . Comparing the melting points of compounds with the same hydrophobic chain pattern and therefore the same van der Waals interactions a large influence of the hydrogen-bonding motive can be observed. Clearly, the ureas show the highest melting points. The corresponding amides exhibit 10°C lower melting temperatures and the thioureas the lowest ones demonstrating that the essential factor for these differences arises from the chemical headgroup structure. These findings corroborate earlier research on crystal engineering with these moieties. 13 As observed for many compounds with alkyl chains, the melting points within a homologous series do not show a monotonic behavior with increasing chain length but an alternation with relatively higher melting temperatures for the members with even carbon numbers. 21 Packing effects are the explanation for such an alternation.
The pressure/area (π/A) isotherms are difficult to measure using a Wilhelmy plate as pressure sensor (see Supporting Information for detailed discussion). Therefore, the isotherms are used only for qualitative analysis ( Figure 2 ). As expected from the generic behavior in homologous series of amphiphiles, the influence of increasing chain length is equivalent to decreasing temperature and leads to the disappearance of the LE phase. 22, 23 The amide 3 (Supporting Information Figure S14 ) does not exhibit a LE phase up to 30°C. This can be easily understood comparing the results with those of the corresponding shorterchain amide (N-(2-hydroxyethyl) tetradecanamide) 1 for which the LE phase disappeared below 7°C. Therefore, the extension of the hydrophobic part by one methylene group corresponds to a shift in temperature of at least 8°C. The influence of the headgroup structure on the ordering of the amphiphiles 3, 4, and 5 with the same alkyl chain length is difficult to predict in a straightforward way. For example, the change from 2-hydroxyethyl (compound 3) to methylbutanoate 16 does not change the phase behavior considerably. The influence of the headgroup on the ordering in monolayers becomes more important if additional strong forces appear. The two urea derivatives 1 and 4 do not show a LE phase and exhibit apparently too small molecular areas (<17 Å 2 ) in the condensed state. Excluding such obvious sources of errors as concentration and spread amount, the direct formation of condensed islands could be connected with the formation of small 3D crystallites during the spreading process due to concentration fluctuations and the existence of additional strong attractive interactions. The different behavior of the urea and amide derivatives is most probably caused by the formation of a stronger hydrogen bond network between the urea head groups. Dreger et al. estimated the strength of hydrogen bonds for the amide group. 16 The strength is approximately the same in both LE and LC phases. The situation is different for the urea derivatives, the energy for the H-bridges is clearly higher in the LC phase compared to the LE phase. 16 This difference is in line with the experimental observation of the high stability of LC phases compared to LE phases for the corresponding urea derivatives. The comparison of the urea derivative 1 with the corresponding more fluid thiourea derivative 2 is in line with the idea of weaker hydrogen bonds due to the reduced electronegativity of the sulfur atom. On the basis of only isotherm measurements, one can conclude that the amide and thiourea derivatives 3 and 5 form hydrogen bond networks weaker than the one of the urea derivative 4, and the weakest is formed by thiourea.
Grazing incidence X-ray diffraction (GIXD) measurements have been performed in order to identify at an angstrom level the structural parameters of the condensed monolayers of urea 4 and thiourea 5. The condensed phase structure of amide 3 has not been measured but should be, based on the generic phase behavior concept, 18 the L 2 ′ phase with a cross-sectional area of only 18.8 Å
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. The L 2 ′ phase is characterized by an orthorhombic structure with NNN tilted alkyl chains (herringbone packing mode in the lattice perpendicular to the chain long axes) as determined for the corresponding compound with the shorter chain (C14, N-myristoylethanolamine (tetradecanoic acid-(2-hydroxyethyl)amide)). 1 Similar results have been found for thiourea 5. Only marginal changes of the well-defined monolayer structure can be observed on compression along the π/A-isotherm and at different temperatures of the subphase. In Figure 3A , the corrected X-ray intensities are presented as a function of the inplane scattering vector component Q xy and the out-of-plane scattering vector component Q z . A detailed analysis of the data revealed that the lattice is defined by three main diffraction peaks. Actually, the Bragg peak appearing at higher Q xy and lower Q z values is composed of two strongly overlapping diffraction peaks with the same Q xy but different Q z values. Such scattering intensity distribution is unusual and was not observed before. The analysis of the corresponding Bragg peaks and Bragg rods and the structural parameters are presented in Tables S1 and S2 (Supporting Information). The chains are tilted to the normal by 33°in the direction of the next-nearest neighbors. The rigidity of the monolayer (strongly tilted Wilhelmy plate on compression if a small paper plate was used) and the fixed structure indicate strong interactions between the head groups due to the formation of a hydrogen bond network.
Moreover, the Bragg rods are characterized by a full-width at half-maximum (fwhm) of 0.28 Å , which correponds to a scattering length of 20.2 Å. This value agrees well with the length of the extended alkyl chain in all-trans conformation. The observation confirms that the interfacial layer is indeed a monolayer at both low and high lateral pressures, because multilayers would generate Bragg rods with significantly smaller fwhm. 24, 25 Figure 2. Left: Lateral pressure π/ molecular area A isotherms of urea (1, green; 4, magenta) and thiourea (2, black; 5, red; 6, blue) amphiphiles at 20°C on water. It is worth mentioning that the molecular areas in the condensed state of 1 and 4 are extremely small most probably due to the formation of small 3D crystallites during spreading.
Additionally to the described diffraction pattern, further Bragg peaks have been measured ( Figure 3B ,C) indicating a highly ordered LC phase. These peaks belong to the same orthorhombic in-plane lattice and are indexed in Supporting Information Table S3. The extremely small cross-sectional area of 18.9 Å 2 indicates that the molecules are in a "frozen" structure with no possibility for rotation. The dimensions of the lattice perpendicular to the chain long axes are with a r = 5.057 Å and b r = 7.484 Å typical for a herringbone packing mode. 17, 26 These diffractions peaks indicate the existence of a highly ordered molecular lattice due to a hydrogen bond network as previously reported for a double-chain GPI-fragment. 27 One additional important experimental observation should be discussed, namely the appearance of a nonequilibrium structure immediately after lateral compression of the thiourea 5 monolayers at high surface pressures (15, 30 mN/m) . The contour plot of this temporary structure is represented in Figure 4A . The new monolayer structure is characterized by a different chain tilt direction (to the nearest neighbors) and a clearly smaller tilt angle of the alkyl chains (22°compared to 33°) (see Supporting Information Tables S4 and S5 ). The orthorhombic lattice structure leads to a cross-sectional area of 20.0 Å 2 showing that the molecules, in contrast to the previously described structure, are freely rotating. This behavior can be understood in terms of breaking the headgroup interactions and the formed hydrogen bond network giving rise to the observed molecule rotation. The temporary structure transforms in a self-healing process in a rather short time (∼20 min) into the equilibrium structure presented above (Figure 3) .
For comparison, GIXD measurements have also been performed with urea 4 monolayers. As in the case of thiourea 5, the monolayer structure does not respond to changes in the surface pressure or the subphase temperature. A representative contour plot is presented in Figure 5 . The monolayers of urea 4 exhibit an orthorhombic structure (Supporting Information  Tables S6 and S7) In addition, the GIXD data of the urea 4 monolayer reveal scattering intensity distributed on Scherrer rings indicating the formation of some 3D crystallites. The small crystallites are not the result of the compression process but they are already formed during spreading due to density fluctuations. The intensities of the diffraction peaks (2D and 3D phases) increase with increasing lateral pressure. The formation of such crystallites explains the observed too small molecular areas in the compression isotherm. Comparing the in-plane area determined by GIXD and the molecular area from the isotherm shows that ∼30% of molecules form the crystallites. This is in good agreement with a rough estimation comparing the GIXD intensities that gives a value of 23%.
A comparison of the packing properties of thiourea 5 and urea 4 monolayers indicates the existence of a stronger hydrogen bond network in the urea derivative monolayer. Thus, due to the rigid interconnections established between the head groups the maximization of the van der Waals interactions leads to an important tilting (40°) of the alkyl chains in respect to the normal to the interface.
Interestingly, the presence of crystallites shows again that the hydrogen bond network in urea 4 monolayers is stronger than the one in the thiourea 5 monolayers. Additionally, this behavior corroborates beautifully the fact that the hydrogen bonds in the thiourea 5 monolayer can be broken upon compression. The nonequilibrium monolayer structure is characterized by the free rotation of molecules. As presented above, the equilibrium monolayer structure (hydrogen bond network between the head groups) is reformed after a short time. Thus, the hydrogen bonds formed in the thiourea 5 monolayers seem to have an "elastic" behavior, being able to be destroyed and reformed, while the ones formed in the urea 4 monolayers are extremely rigid. One might speculate that the amide derivates behave similar to the thiourea derivates but with a much shorter existing time of the intermediate rotator phase.
To gain a better understanding of the headgroup interactions and differences between thiourea and urea moieties, the geometry of a hexamer of the corresponding head groups was optimized using DFT-based calculations. A hexamer is the minimal cluster allowing for all hydrogen bonding possibilities involving CO or CS groups as acceptors (see Supporting Information Figure S15 ). In principle, several arrangements of CO···HN (or C···) motifs are possible leading to many local minima. The lowest energy minimum was found by successive geometry minimizations and eventually replacements of the carbonyl oxygen by sulfur (see Supporting Information). These geometries show a striking difference between the urea and thiourea motifs. In the case of urea, the hydrogen bonds involve a common acceptor (CO) and two donors (NH) of the neighboring headgroup in the same "row". The 180°a rrangement between two urea moieties leads to the formation of distinctive "rows" of molecules. The two O−N distances are the same (2.98 Å) and the two small O−H distances (2.04 and 2.06 Å) indicate hydrogen bonding. Additionally, hydrogen bonds can be formed between the OH-groups at the very end of the headgroup. The O−N distances to the other two nearest NH donors are much longer (more than 5 Å). The hydrogen bonds are symbolically represented by dashed lines connecting head groups of the same "row" (Figure 6A ).
The situation is qualitatively different in the case of a hexamer consisting of thioureas. Here, the distances between sulfur as hydrogen bond acceptor and nitrogens that are potential hydrogen bonding donors are equal to 3.35, 4.24 (same "row"), 3.82, and 3.56 Å ("neighboring 'row"). Only one hydrogen bond linking the thioureas of the same "row" is energetically favorable. These H−S and N−S distances are equal to 2.37 and 3.35 Å, respectively. The other N−H···SC arrangement linking the head groups of the same layer cannot be expected to provide any considerable stabilizing effect because the corresponding H−S and N−S distances are 3.53 and 4.24 Å, respectively. This is the least favorable structural arrangement among the four possible N−H···SC motifs. However, the arrangement of the other two N−H···SC motifs, connecting the head groups of parallel "rows", can be expected to provide more significant stabilizing effect. One of them could be interpreted as a weak hydrogen bond with the H−S and N−S distances equal to 3.14 and 3.56 Å, respectively, and the other as even a weaker one with H−S and N−S distances equal to 3.35 and 3.82 Å, respectively. These weak specific "out-of-plane" interactions linking the head groups of different "rows" are indicated in Figure 6B .
The most important difference in the conformation of the heads in thiourea and urea clusters is therefore a different arrangement of the hydrogen bonds leading to different inplane lattice structures. In the urea case, the carbonyl groups seem to prefer an aligned (linear network) conformation whereas thiourea forms a true 2D network ( Figure 6 ). The sulfur atom is located between the planes whereas the corresponding oxygen in the urea case lies more in the plane. Separate layers stabilized by hydrogen bonds are distinguishable in the urea case. This observation is in line with the results reported by Custelcean. 13 Concerning the interaction energy, the urea clusters are energetically more favorable than the thiourea ones (−67.8 kcal/mol vs −34.7 kcal/mol). Compression leads to a temporary rupture of the 2D hydrogen bond network in the thiourea ethanolamine monolayers, whereas the urea planes can slide during compression keeping the monolayer structure intact.
■ CONCLUSIONS
In conclusion, a series of amido-, urea-, and thiourea amphiphiles with varying alkyl chain lengths was synthesized. The surface pressure/molecular area isotherms showed the expected temperature and chain-length dependence as observed for other amphiphiles. A balance between the van der Waals forces and the strength of the hydrogen bonds between the head groups determines the monolayer structure. The simulations using a hexamer cluster model of the head groups indicate a qualitative difference in the 2D arrangement of the hydrogen bond networks. The hydrogen bonds in the thiourea case form a 2D network, which ruptures temporarily during compression and is recovered in a self-healing process, while in the urea clusters the hydrogen bonds form a more planar framework with gliding planes keeping the structure intact during compression. Therefore, thiourea-based monolayers are clearly more elastic with a self-healing behavior compared to the more rigid urea-based films.
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